The SCO7222 protein and ActR are two of ϳ150 TetR-like transcription factors encoded in the Streptomyces coelicolor genome. Using bioluminescence as a readout, we have developed Escherichia coli-based biosensors that accurately report the regulatory activity of these proteins and used it to investigate their interactions with DNA and small-molecule ligands. We found that the SCO7222 protein and ActR repress the expression of their putative target genes, SCO7223 and actII-ORF2 (actA), respectively, by interacting with operator sequence in the promoters. The operators recognized by the two proteins are related such that O 7223 (an operator for SCO7223) could be bound by both the SCO7222 protein and ActR with similar affinities. In contrast, O act (an operator for actII-ORF2) was bound tightly by ActR and more weakly by the SCO7222 protein. We demonstrated ligand specificity of these proteins by showing that while TetR (but not ActR or the SCO7222 protein) interacts with tetracyclines, ActR (but not TetR or the SCO7222 protein) interacts with actinorhodin and related molecules. Through operator-targeted mutagenesis, we found that at least two nucleotide changes in O 7223 were required to disrupt its interaction with SCO7222 protein, while ActR was more sensitive to changes on O act . Most importantly, we found that the interaction of each protein with wild-type and mutant operator sequences in vivo and in vitro correlated perfectly. Our data suggest that E. coli-based biosensors of this type should be broadly applicable to TetR-like transcription factors.
Three mechanisms commonly confer resistance to the antibiotic tetracycline: antibiotic degradation by TetX-like enzymes (31) , ribosome protection by TetO-like proteins (7, 23) , and, most frequently, antibiotic export by TetA-like efflux pumps (30) . Many of the genes encoding these resistance determinants are under the direct control of repressor proteins referred to as the TetR-like transcription factors. Like most repressors, these proteins bind operator sequences in their target promoters preventing transcription initiation by RNA polymerase holoenzyme. A smaller number of TetR-like proteins have been implicated in transcriptional activation (6, 11) .
TetR, the best-characterized member of this family, controls the expression of the efflux pump-encoding gene tetA in the transposon Tn10 (reviewed in reference 13). The tetR and tetA genes are divergently transcribed and separated by ϳ80 bp of DNA that includes their promoters. The TetR protein binds tightly to two nearly identical 15-bp palindromic operator sequences (O tet ) to interfere with transcription of both genes. When tetracycline enters the cell, it binds the C-terminal ligand-binding domain in TetR as a complex with Mg 2ϩ , causing its release from O tet (19, 25, 26) . This relieves repression, permitting the expression of tetA and the export of the antibiotic out of the cell (16) .
Genes encoding TetR-like transcription factors are common in bacterial genomes (reviewed in reference 20) . For example, the filamentous antibiotic-producing bacterium Streptomyces coelicolor encodes at least 150 TetR-like transcription factors. It is noteworthy that many of these are closely linked (either as divergently transcribed genes or in operons) to genes that encode proteins similar to TetA-like efflux pumps and TetXlike monooxygenases. It is striking therefore, that relatively low concentrations of tetracycline (1 g/ml) can impair this organism's growth (21) . This constitutes considerable sensitivity given that 30 g/ml is required to inhibit the growth of resistant Escherichia coli strains (1) , and it suggests that the TetR-like transcription factors control many physiological processes unrelated to tetracycline. Only a few of the S. coelicolor TetR-like proteins have been linked to specific processes: ActR regulates export of the polyketide actinorhodin (3, 8, 24) , Pip controls a putative multidrug resistance gene (10) , PqrA controls a paraquat efflux pump (5), CprA and CprB may interact with ␥-butyrolactones (17, 18) , and ScbR controls production of the ␥-butyrolactone SCB1 (27) .
All of the TetR-like transcription factors that have been studied in molecular detail interact with small-molecule ligands that are chemically related or identical to the substrates of the proteins encoded by their target genes. TetR binds tetracycline (15) , ActR interacts with actinorhodin and actinorhodin biosynthetic intermediates (24) , and QacR binds various cationic lipophilic drugs (12) . It is our view, therefore, that identification of the small-molecule ligands that interact with the C-terminal regulatory domains of TetR-like proteins of unknown function is a powerful means of deciphering their roles as well as those of the genes they control.
To facilitate this endeavor, we have developed a biosensor mechanism that we believe can be applied to many members of this family (24) . The biosensors are based on synthetic promoters consisting of Ϫ10 and Ϫ35 promoter elements, separated by a putative binding site for a TetR-like transcription factor. These promoters are cloned upstream of the luxCDABE operon of Photorhabdus luminescens. LuxA and -B encode a luciferase enzyme, while LuxC, -D, and -E form a fatty aldehyde reductase complex that provides the luciferase substrate (29) . The gene encoding the cognate TetR-like transcription factor is cloned into a second plasmid such that cells containing the lux plasmid are spontaneously bioluminescent while those containing both are not, due to repression of the synthetic promoter by the repressor. We showed previously with biosensors of this type based on TetR and ActR that bioluminescence could be induced by tetracycline and by actinorhodin and some of its biosynthetic intermediates, respectively (24) .
In this study, we have explored the utility of this biosensor mechanism in greater depth, focusing on ActR, and the uncharacterized TetR-like SCO7222 protein. Based on the tetR/ tetA paradigm, the target of the SCO7222 protein is predicted to be the divergently transcribed gene SCO7223, which encodes a probable TetX-like monooxygenase. We show that the SCO7222 protein interacts with palindromic sequences in the SCO7222/7223 intergenic sequence. These sequences are related to those bound by ActR, and indeed the two proteins exhibit considerable affinities for each other's operators, though we do not believe that these heterologous interactions are biologically relevant. SCO7222 protein does not respond to the ligands recognized by either ActR or TetR. Mutagenesis of the binding sites for the SCO7222 protein and ActR revealed that the two proteins recognize distinct nucleotides and, most importantly, that there is a perfect correlation between the in vivo and in vitro DNA-protein interactions. We suggest, therefore, that this biosensor mechanism is likely to be broadly applicable to the TetR-like proteins.
MATERIALS AND METHODS
Bacterial strains, plasmids, culture conditions, and bioluminescence measurements. Bacterial strains and plasmids used in this study are described in Table 1 . E. coli cultures were grown using Luria broth (LB) or LB agar medium containing the appropriate antibiotics when required (22) . Streptomyces cultures were grown at 30°C in YEME broth or maintained on solid MS agar medium (14) . Isolated E. coli colonies were used to inoculate 1-ml amounts of reporter cultures, which were grown for 16 to 20 h before measurement of luminescence using a Lumat 9507 luminometer (Bertholt Technologies). In some cases, E. coli reporter cultures were supplemented with spent Streptomyces culture supernatant (prepared as described in reference 24) or with purified tetracyclines. The half-maximal concentrations of various tetracyclines required for induction were determined using a standard sigmoidal dose-response regression equation:
, where bottom (y min ) was set to 1, as data were normalized using signal/noise ratios, and where EC 50 represents the 50% effective concentration. Procedures for DNA manipulation. Standard procedures were used for plasmid DNA isolation, manipulation, and analysis (22) . Oligonucleotide primers used in this study were obtained from the Institute for Molecular Biology and Biotechnology (MOBIX) facility at McMaster University or from Sigma. PCRs were carried out using Vent DNA polymerase (New England Biolabs) with the following program: 95°C for 5 min followed by 30 cycles of 95°C and 55°C (30 s each), followed by 72°C (30 or 60 s, depending on the length of a template), with a final extension step at 72°C for 7 min. DNA sequencing was carried out by the MOBIX facility to select/isolate the appropriate PCR products.
Construction of lux-based reporter plasmids and expression vectors for the TetR, ActR, and SCO7222 protein biosensors. pO tet lux and pO act lux were constructed previously (24) . Similarly, a DNA fragment containing a synthetic promoter-consisting of SCO7223 operator (O 7223 ) flanked by the Ϫ35 and Ϫ10 regions from the Tn10 tetA promoter-was prepared by annealing T7223-1 and T7223-2 oligonucleotides (Fig. 1B and Table 2 ). These oligonucleotides were introduced into the BamHI-XhoI sites of pCS26-Pac to give reporter plasmid pO 7223 lux, in which the expression of the lux operon was under the control of the SCO7222 protein (Table 1) .
Two expression vectors, pTetR and pActR (encoding TetR and ActR, respectively) were previously prepared (24) . In parallel, the primer pair 7222-1/7222-2 (Table 2 ) along with S. coelicolor M145 chromosomal DNA (as template) was used to PCR amplify DNA fragments containing SCO7222. Gel-purified PCR product was then digested with BamHI and ligated to BamHI-EcoRV-treated pACYC184 to give pSCO7222, which served as the source of the SCO7222 protein in the biosensors.
Operator mutagenesis. Double-stranded DNA products, obtained by annealing the imperfectly matched primers TA3 and TA2 and T7223-3 and T7223-2, were inserted into the BamHI-EcoRV sites of pCS26-Pac to give pMAlux (TA3-TA2) and pMTlux (T7223-3-T7223-2), respectively. TA3 and T7223-3 are identical to TA1 and T7223-1, respectively, except that the operator sequences had been doped during synthesis as follows. At each operator position, while the concentration of the correct nucleotide was as usual during synthesis, the other three nucleotides were also present, as defined by x/3n, where x represents the concentration of principle nucleotide and n represents the length of the operator sequence. The result of this is that each mutagenic oligonucleotide would be expected to possess at least one nucleotide sequence change in the operator region, embedded in an otherwise "wild-type" synthetic promoter. In both cases, we mutagenized the top strands shown in Fig. 1B . The plasmids pMAlux and pMTlux were introduced into E. coli strains containing pActR or pSCO7222, respectively, to isolate colonies that produced luminescence, indicating that the respective repressors could not bind to the mutagenized operators. Plasmid DNA was isolated from these strains and reintroduced into E. coli to isolate kanamycin-resistant and chloramphenicol-sensitive colonies, which had lost pActR or pSCO7222 but still contained pMAlux or pMTlux. The DNA se- Previously prepared pET28a-ActR was used to express and purify N-terminal six-Histagged ActR (His 6 -ActR) in E. coli (24) . The primers TOEV-1 and TOEV-2 (Table 2) , along with pSCO7222 plasmid DNA (as template), were used to PCR amplify a 721-bp fragment containing SCO7222, which was introduced into the EcoRV site of pBlueScript SK II ϩ to give pBS7222. After sequencing SCO7222, the DNA fragment encoding SCO7222 protein was isolated as an NdeI-BamHI fragment from pBS7222 and was ligated to pET28a, giving pTO7222 (Table 1) .
E. coli BL21(DE3) cultures containing pTO7222 were grown at 37°C to an optical density at 600 nm of ϳ0.4 to 0.6 and were then induced with 1 mM isopropyl ␤-D-thiogalactopyranoside for 20 h at 30°C. From this point, the same procedures were taken to purify His 6 -ActR and His 6 -SCO7222 (24) .
EMSAs. The primers TET-EMSA-F and TET-EMSA-R (24), along with pO act lux, pO 7223 lux, or the reporter plasmids with point-mutagenized operators (as templates), were used in PCRs to isolate double stranded DNA fragments containing operator regions, which served as probes for electrophoretic mobility shift assays (EMSAs). The DNA fragments were end labeled using [␥-32 P]ATP and T4 polynucleotide kinase (22) .
Labeled probe (12.7 fmol), 1.5 to 3,200 fmol of purified protein and 90 ng of salmon sperm DNA were used in 15-l reactions containing 1ϫ reaction buffer (10 mM Tris-Cl [pH 7.8], 150 mM NaCl, 2 mM dithiothreitol, 10% glycerol). Reaction mixtures were incubated at 30°C for 10 min and were fractionated on 12% nondenaturing polyacrylamide gels containing 1.5% glycerol. The gels were exposed using a phosphor screen (Amersham), and bands were detected using a PhosphorImager (Molecular Dynamics).
Determination of K D . ImageQuant software (Molecular Dynamics) was used to analyze EMSA results to determine the percentages of shifted and unshifted probes, which represent bound and unbound substrate, respectively. Saturation curves (% probe bound against [protein]) were drawn with SigmaPlot 2000 to determine the dissociation constant (K D ). Binding cooperativity was determined by Hill's equation:
where Y ϭ protein-DNA complex/total DNA, S is the protein of interest, and K D is the dissociation constant of protein binding to DNA (9) . The slope of a straight line passing the point where 50% DNA binding occurs, is the Hill's coefficient (h) and indicates the binding cooperativity.
RESULTS AND DISCUSSION
Construction of biosensors using TetR, ActR, and the SCO7222 protein. Given the TetR paradigm, we predicted that the likely target of the SCO7222 protein would be SCO7223. Examination of the 110 bp that separates these genes revealed the sequences N1, N2, and N3 (Fig. 1A) corresponding to likely binding sites for the SCO7222 protein. All of these sequences exhibit significant similarity to the nearly perfect palindrome having the consensus sequence C/TTGGAACGNCG TTCCAG/C. This is similar to the intergenic DNA of actR and actA that includes the putative ActR-binding sequences P1, P2 (O act ), and P3. We carried out gel mobility shift assays using both intergenic fragments and purified His 6 -SCO7222 and His 6 -ActR. As shown in Fig. 2 , both fragments formed three exceptionally tight complexes with their cognate repressors, consistent with the presence of three repressor binding sites in each. We determined approximate K D s for each of the SCO7222 protein complexes and found them to be 0.4 nM, 3.4 nM, and 17.3 nM for the L, M, and H complexes, respectively. A Hill plot of this data demonstrates a Hill's coefficient of 1.6, consistent with positive cooperative binding of the SCO7222 protein (Hill's coefficient of Ͼ1) to its three binding sites. The interaction of ActR with the actR/actA intergenic sequence was also characterized by strong binding (K D s of 0.1 nM, 0.3 nM, and 5.8 nM), but with a Hill's coefficient of ϳ1 (data not shown), there was no evidence of cooperativity.
As previously, we designed synthetic promoters in which each of the N1, N2, and N3 sequences was introduced between functional E. coli Ϫ10 and Ϫ35 promoter elements and introduced them upstream of luxCDABE operon in the vector pCS26-Pac (2). The resulting plasmids pN1lux, pN2lux, and pO 7223 lux were introduced into E. coli along with the previously constructed pO tet lux and pO act lux, and all conferred significant bioluminescence compared to promoterless reporter vector pCS26-Pac (Table 3) . Similarly, we constructed an SCO7222 protein-producing plasmid by amplifying the gene with oligonucleotides that included a Shine-Dalgarno sequence upstream of the initiator codon and a BamHI site at the downstream end. This fragment was ligated downstream of a tetA promoter in the vector pACYC184 to create the plasmid pSCO7222. We introduced pTetR, pActR, pSCO7222, and the control pACYC184 into the E. coli strains bearing pO tet lux, pO act lux, pN1lux, pN2lux, and pO 7223 lux and tested each strain for bioluminescence. As previously reported, the pTetR and pActR eliminated pO tet lux-and pO act lux-dependent bioluminescence, respectively, while the control plasmid pACYC184 had no effect (24) . Similarly, pSCO7222 eliminated the bioluminescence produced by pN1lux, pN2lux, and pO 7223 lux (Table 3), confirming direct binding as observed in vitro. The in vivo function of these three sites agrees with the mobility shift demonstrating three complexes between the SCO7222 protein and the SCO7222/SCO7223 intergenic sequence. This suggested that the SCO7222 protein is a repressor of SCO7223, and we focused the rest of our work on N3, which we refer to O 7223 . These results underscore the fact that in those cases (which are common) in which a tetR-like gene is paired with a putative target gene in a manner similar to the well-characterized tetR/tetA configuration, repeated palindromic sites in the intergenic sequences can be assumed to be candidate binding sites for the TetR-like protein.
We noted that the putative operators recognized by ActR (ACGCGACCACCGTTCCAT) and the SCO7222 protein (C TGGAACGACGTTCCAG) were similar, particularly in their right half-sites. To determine whether either repressor could bind the other's operator, we combined pActR with pO 7223 lux biosensor and pSCO7222 with pO act lux biosensor. We ob- Table 3) .
Effects of various ligands on TetR, ActR, and the SCO7222 protein.
To determine whether tetracycline could relieve repression by SCO7222 protein, we introduced plasmid pUAO1, bearing the tetO gene from Campylobacter jejuni (28) , into each biosensor strain to protect them against the antibiotic. The TetO gene product is a ribosomal protection protein that allows relatively high cytoplasmic concentrations of the antibiotic to be tolerated without substantial damage to the cells. The addition of pUAO1 had no major impact, although it slowed bacterial growth to ϳ1 doubling per hour.
To determine whether the resulting strains could detect tetracycline, we cultured each of them in the presence of various concentrations of the drug (Fig. 3A) . As discussed previously, we observed the dose-responsive induction of bioluminescence in the TetR biosensor that peaked when 4 g/ml tetracycline was used (24) . Higher concentrations of drug inhibited cell growth, in spite of the presence of the tetO gene, but even at levels where there was significant inhibition of growth, we could still detect bioluminescence in the TetR biosensor. Consistent with previous results, tetracycline did not induce bioluminescence in the ActR biosensor (24) . The presence of tetracycline also did not relieve repression by SCO7222 protein. Similar analysis was conducted using various concentrations of demeclocycline, doxycycline, oxytetracycline, chlortetracycline, and methatetracycline, all antibiotics related in structure and mechanism to tetracycline. While the concentrations required for half-maximal induction varied (Table 4) , all of the tetracycline derivatives analyzed were good inducers of the TetR biosensor (data not shown). Again, none of these molecules had any effect on the ActR-based (24) or the SCO7222 protein-based strain (data not shown) biosensors. We then applied culture supernatants from Streptomyces aureofaciens (a tetracycline producer) and S. coelicolor to all three biosensors to determine whether either streptomycete produced secondary metabolites that could interact with the SCO7222 protein. As demonstrated previously, the S. aureofaciens and S. coelicolor supernatants were able to activate bioluminescence in the TetR-and ActR-based biosensors, respectively. Neither, however, had any effect on the SCO7222 protein-based biosensor (Fig. 3B) . Under the growth conditions we have employed in this work, therefore, neither strain produces an SCO7222 protein ligand, although it is possible that there was some inducing molecule in the S. coelicolor supernatant that could not cross the E. coli envelope.
Mutagenesis of operator sequences. Unlike pCS26-Pac, which is a low-copy-number plasmid, pACYC184 is propagated at a moderately high copy number in E. coli: ϳ20 copies per cell (4) . As a result, the TetR-like transcription factors in our biosensors are probably in excess of their targets, potentially impairing small-molecule induction and explaining the observed ActR-SCO7222 protein cross talk. To provide a basis for comparing the in vivo interactions of the repressors and operators with their biochemical affinities, we constructed mutants of O act and O 7223 using two strategies. In the first, we subjected each operator sequence to randomization and screened for nonfunctional operators that exhibited bioluminescence in the presence of their cognate repressors (see Materials and Methods). We screened ϳ1,600 colonies (ϳ800 for each repressor) and isolated 16 O act sequences impaired in their interaction with ActR and 18 O 7223 sequences impaired in their interaction with the SCO7222 protein (Table 5) .
Interestingly, all but one (pMTlux10) of the repressor-resistant alleles exhibited multiple mutations, suggesting either that the high in vivo concentration of the repressor resulted in DNA binding that was relatively resistant to mutation or that the affinity of each repressor for its cognate operator was simply very high due to a large number of specific repressoroperator interactions. In O act , many of the alleles were altered 
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a Only nucleotides found to be different from those present at the same position in the wild-type operator sequences are shown. ⌬, nucleotide deleted; N, not applicable as either this nucleotide or the previous one has been deleted in the same operator sequence analyzed. 
a For point mutants, only the specific nucleotide changes made are shown. b Y, strong repression; N, either no or weak repression (less than fivefold reduction).
c Not applicable as no shift was observed even at the highest concentration of protein tested. Table   6 , while the point mutation at position 8 of O act had no effect, those at positions 5 and 11 eliminated in vivo repression by ActR. None of the point mutations in O 7223 altered repression of bioluminescence in vivo. We also assessed the effects of each point mutation on crossrepression by ActR and the SCO7222 protein and found that the results were quite different. For example, O 7223 A5G and O 7223 C15A, which had no effect on repression by the SCO7222 protein, eliminated cross-repression by ActR. Clearly, there-fore, while the operator sequences are similar, the manners in which they are recognized by the two proteins in the context of our biosensors are subtly different.
Correlation of binding strengths with in vivo repression. To assess the significance of these results, we measured the affinities of the SCO7222 protein and ActR for O 7223 and O act and for the relevant point mutants described above. Using purified His 6 -SCO7222 and His 6 -ActR, we carried out gel mobility shift experiments with radioactively labeled probes corresponding to each operator sequence. The interaction of both proteins with their cognate operators was exceptionally strong (Fig. 4) . Figure 4A shows (Table 3) . Unlike the SCO7222 protein, ActR produced two shifted bands with both O act and O 7223 , raising the possibility that two ActR dimers interact with each site. Protein titration and Hill plot analysis did not indicate significant cooperativity in the assembly of these complexes (data not shown).
We went on to assess the effect of each point mutation in O act and O 7223 on the affinities of these DNAs for ActR and the SCO7222 protein and found a nearly perfect correlation between in vitro binding and in vivo repression ( Fig. 4C and Table 6 ). For example, in E. coli, the SCO7222 protein repressed bioluminescence from the O 7223 A5G operator, but ActR did not. Consistent with this, the SCO7222 protein bound to O 7223 A5G with a similar affinity to O 7223 , while much higher concentrations of ActR were required to form a complex with O 7223 A5G compared to either O act or O 7223 (Fig. 4C) . In summary, the K D s of the SCO7222 protein for the three mutant operators it was able to repress in vivo (O 7223 A5G, O 7223 C14G, and O 7223 C15A) were all in the 2 to 3 nM range, whereas its K D s for those operators it could not repress in vivo were at least five times higher, and in one case, O act G11C, we observed no interaction at all.
This work raises interesting questions about possible cross talk between these two repressors. In our view, it is unlikely that the interaction of these proteins with heterologous operators is biologically meaningful. SCO7222 and -7223 are located far outside the act gene cluster, which contains most, if not all, of the genes necessary for actinorhodin biosynthesis and self-resistance. How might cross talk be avoided between these two and perhaps other members of this very large gene family in vivo? One possibility is that coupled transcription and translation, which is a characteristic of all bacteria, results in the direct delivery of a TetR protein from the ribosome on which it is synthesized to its cognate operator. This would be consistent with the fact that the repressor-encoding genes tend to be closely linked to their target genes. If, as is the case for TetR, ActR and the SCO7222 protein regulate their own production as well as that of their target resistance genes, they would limit their own intracellular accumulation and hence minimize or eliminate cross talk. Temporal and spatial regulations might also be responsible for restricting the cross talk.
More importantly for our immediate purposes, the high degree of correlation between in vitro binding and in vivo repression and the fact that we were able to specifically detect several tetracyclines as pure molecules and from a natural source suggest that this biosensor mechanism is a valuable tool for investigating TetR-like transcription factors.
